ABSTRACT: Fluoroformate, also known as carbonofluoridate, is an intriguing molecule readily formed by the reductive derivatization of carbon dioxide. In spite of its well-known stability, a detailed structural characterization of the isolated anion has yet to be reported. Presented in this work is the vibrational spectrum of fluoroformate obtained by infrared action spectroscopy of ions trapped in helium nanodroplets, the first application of this technique to a molecular anion. The experimental method yields narrow spectral lines, providing experimental constraints on the structure that can be accurately reproduced using high-level ab initio methods. In addition, two notable Fermi resonances between a fundamental and combination band are observed. The electrostatic potential map of fluoroformate reveals substantial charge density on fluorine as well as on the oxygen atoms, suggesting multiple sites for interaction with hydrogen bond donors and electrophiles, which may in turn lead to intriguing solvation structures and reaction pathways.
T he increasing concentration of atmospheric carbon dioxide and concomitant reshaping of the earth's climate have prompted research into available routes for the reductive transformation of carbon dioxide.
1−6 Although many methods have been developed to capture carbon dioxide through sequestration or chemical conversion, 1−3 the efficient and irreversible reduction of carbon dioxide remains an elusive goal that is currently best accomplished by natural enzymes and a number of electro-and photocatalysts still under development.
5−15
Valuable insight into the nature of CO 2 -reductive activation has been gained from studying the interactions of carbon dioxide with halides and pseudohalides, 16 which have been investigated by gas-phase ion−molecule reactions, 17−21 gasphase photodissociation spectroscopy, 22 ,23 photoelectron spectroscopy, 24 −26 and characterization of complexes trapped as salts or within an argon matrix. 27, 28 The complex between CO 2 and I − exhibits primarily electrostatic interactions, whereas the smaller halides Br − and Cl − exhibit an increasing degree of charge accommodation in an antibonding orbital of the CO 2 molecule, resulting in a decreased OCO bond angle relative to that expected from interaction with a point charge. 16, 23, 28 This trend of increasing charge transfer with decreasing halide atomic radius continues for F − , which forms a weak covalent bond with CO 2 to yield fluoroformate, FCO 2 − . 24 Similarly, the pseudohalide CN − reacts with CO 2 to yield cyanoformate, NCCO 2 − . 29 Both of these molecules exhibit weak bonding between the halide or pseudohalide and the CO 2 moiety, with calculated lengths of ∼1.47 Å for the C−F bond in FCO 2 − and ∼1.54 Å for the C−C bond in NCCO 2 − .
24,28−30
As a simple example of reductive CO 2 derivatization, fluoroformate has been investigated by numerous experimental techniques spanning several decades. McMahon and coworkers first generated gas-phase FCO 2 − by fluoride ion transfer and studied its thermochemistry by ion cyclotron resonance spectroscopy, 17,18 finding a bond dissociation enthalpy (DH 298 ) of 133 ± 8 kJ/mol, significantly weaker than typical C−F bonds (DH 298 > 400 kJ/mol). 31 Infrared spectra of FCO 2 − trapped in an argon matrix were measured by Ault, but the presence of multiple species within the matrix hindered band assignment.
27 Zhang et al. were later able to isolate the tetramethylammonium salt of FCO 2 − and characterize its structure by infrared spectroscopy and solid-state NMR. 28 Arnold and co-workers utilized photoelectron spectroscopy to measure the electronic transitions between FCO 2 − and the fluoroformyloxyl radical, FCO 2
• . 24 They also reported on the structure of FCO 2 − obtained from ab initio calculations, and more recent theoretical efforts yielded similar results. 29, 30 Despite the longstanding interest in the structure and properties of fluoroformate, the isolated ground-state ion has yet to be characterized experimentally. This work presents the vibrational spectrum of fluoroformate obtained by helium nanodroplet ion spectroscopy. The helium nanodroplet environment provides extremely low equilibrium temperatures approaching 0.4 K while inducing minimal spectral perturbation from helium−analyte interactions. 32 Utilizing the tunable infrared radiation produced by the free-electron laser at the Fritz Haber Institute (FHI FEL), 33 the molecule is probed across the entire anticipated range of fundamental vibrational transitions (500−1900 cm −1 ). The infrared spectrum of formate between 1200 and 1800 cm −1 is also presented to provide a comparison for the normal modes of the carboxylate moiety and to corroborate the experimental methodology by comparison to literature values.
The method and instrumentation utilized to obtain vibrational spectra of ions trapped in helium nanodroplets have been described in several preceding publications.
34−36 The instrument comprises a modified commercial quadrupole time-offlight tandem mass spectrometer with atmospheric pressure interface coupled with custom instrumentation for ion pickup by He nanodroplets and subsequent irradiation and detection. Gas-phase formate or fluoride ions were generated utilizing nanoelectrospray ionization of aqueous solutions of 0.1% (v/v) formic acid or 1 mM sodium fluoride, respectively. To generate fluoroformate, the gas-phase fluoride ions were exposed to an increased partial pressure of CO 2 during ion transfer from atmospheric pressure to high vacuum. The formate or fluoroformate ions were isolated utilizing a quadrupole mass filter and directed into an orthogonal hexapole ion trap by means of a DC ion bender. A pulsed beam of helium nanodroplets (average size of ∼20 000 He atoms) produced by an Even-Lavie valve 37 cooled to 21 K was directed through the ion trap, yielding droplets containing a single ion. The high kinetic energy of the charged nanodroplets allowed them to escape the shallow axial DC potential of the ion trap and proceed to a time-of-flight extraction region, where they were exposed to infrared radiation produced by the FHI FEL. The sequential absorption of multiple resonant photons resulted in He evaporation and the production of bare ions, 34,38 which were detected by time-of-flight mass spectrometry. The infrared spectrum was obtained as the ion signal as a function of the incident photon energy, and the intensity was scaled by the measured laser macropulse energy as a first-order power correction. Although this method of action spectroscopy utilizes a multiphoton absorption process, the ions are returned to the vibrational ground state between photon absorption events via evaporative cooling of the He nanodroplet, thereby avoiding the ion heating encountered in traditional infrared multiphoton dissociation (IRMPD) spectroscopy experiments. 39, 40 The vibrational spectra of formate and fluoroformate collected utilizing the helium nanodroplet method are shown in Figures 1a and 1b , respectively. The excellent agreement between the vibrational transitions of formate observed utilizing the helium nanodroplet technique and those reported in preceding experimental and theoretical studies (within 5 cm −1 , Table S3 ) provides validation of the experimental methodology. 41−43 In the spectrum of both formate and fluoroformate, the spectral lines are narrow, exhibiting full width at halfmaximum (fwhm) values of between 2 and 6 cm −1
. In many cases, the measured spectral line width is narrower than the bandwidth of the laser (typical fwhm of ∼0.5% of the photon energy). This phenomenon is likely the result of the bare ion generation process, which exhibits a nonlinear dependence on the photon flux.
34, 38 If a flux sufficient to produce bare ions is present only at the center of the spectral distribution, then absorption features can be measured with a width narrower than the bandwidth of the laser.
A number of the observed vibrational transitions of fluoroformate can be assigned from comparison to previous experimental efforts. 27, 28 The feature at 548 cm −1 is assigned to the C−F stretching mode, ν(C−F), which is significantly lower in energy than typical C−F stretching vibrations (>1000 cm −1 ), 44 demonstrating the weakness of the C−F bond (Table  1 ). The transition with maximum intensity at 747 cm −1 is , reflecting an increase in the OCO bond angle and decrease in the C−O bond length.
Although only a single vibrational transition is expected in the carboxylate symmetric stretch region near 1275 cm . Indeed, an extremely weak but reproducible feature is observed experimentally at 522 cm −1 (Figure 1 ), which may correspond to the fundamental of δ(C−F). This band and other low-intensity spectral lines are discussed in more detail in the Supporting Information.
Shown in Figure 1c is the theoretical anharmonic vibrational spectrum of fluoroformate, presented as the calculated vibrational transition frequencies and intensities convoluted with Gaussian distributions 3.5 cm 75 and these methods were found to yield poorer agreement with the experimental results ( Figure S2 , Table S2 ).
To study the charge distribution among the central carbon and its substituent atoms, the electrostatic potential surface of fluoroformate was calculated utilizing MOLDEN 76 as shown in Figure 2 . The region around the central carbon is electron-poor due to the electron-withdrawing effect of both the oxygen and fluorine atoms. Structurally analogous molecules that can likewise be classified as anion-CO 2 reaction products, such as formate, 43 hydrogen carbonate, 77 and cyanoformate, 29 share this property. However, the latter molecules exhibit excess charge localization primarily on the two oxygens of the carboxylate moiety, whereas in fluoroformate substantial charge density is also found on the fluorine atom, as evidenced by the partial atomic charges derived from Connolly surface fitting to the electrostatic potential (Figure 2 , Table S14 ). 78 In this regard, fluoroformate more closely resembles the isoelectronic molecule nitryl fluoride, FNO 2 . 79 Because of this electron density distribution, electrophiles may readily interact with any of the three substituent atoms instead of preferentially with the carboxylate motif, which may influence the reactivity and solvation of fluoroformate substantially.
In summary, this work utilizes vibrational spectroscopy of ions trapped in helium nanodroplets to characterize in detail the structure and properties of isolated fluoroformate. The experimental methodology yields well-resolved vibrational transitions that are utilized in combination with theory to analyze the structure of fluoroformate. The low frequency of ν(C−F) is consistent with an anomalously long C−F bond length (theoretical value of 1.46 Å), and the large difference in frequency (>500 cm ) between the symmetric and asymmetric carboxylate stretches indicates a deformation of the OCO bond angle toward a more linear geometry (calculated value of 136.7°). In addition, this molecule exhibits two prominent Fermi resonances between a fundamental transition and combination band. Finally, the calculated electrostatic potential displays an electron-poor carbon with significant charge density 
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Letter on both the fluorine and oxygen atoms, suggesting electrophilic moieties may interact at any of these sites instead of preferentially at the carboxylate group. We note that this work represents the first infrared spectroscopic characterization of anion-doped helium nanodroplets. Previous experimental and theoretical efforts have reported strikingly different solvation structures for cationic vs anionic mono-and diatomic species, 80−85 but we find no qualitative experimental differences in working with molecular cations and anions. The properties of polyatomic anions in helium nanodroplets have not yet been investigated in detail, and future studies are necessary to better understand their solvation structure.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpclett.8b00664.
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